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soldered bus bars are generally used to achieve the interconnections. However, wire bonds and bus bars have limited ability to dissipate heat and have relatively high parasitic inductance, which often restricts the thermal and electrical performance of the power module [2] , [3] . Furthermore, from the viewpoint of manufacturing, multiple soldering and wire bonding steps are not efficient and cost effective for assembling power modules which often have hundreds of wire bonds. To overcome these problems for the development of high power density and high reliability power modules, several alternative packaging structures based on different interconnect technologies have been proposed and investigated. These interconnect technologies include ribbon bond [2] , embedded chip technology [4] , [5] , metal postinterconnect parallel-plate structure [1] , [6] , [7] , dimple array interconnect [3] , planar interconnect technology [8] [9] [10] , pressure contact technology [11] , flexible printed circuit board (PCB)-based packaging technology [12] [13] [14] , and press pack technology [15] [16] [17] .
The planar interconnect power modules have been demonstrated not only to obtain dramatic improvement in the thermal and electromagnetic performance, but also allow for efficient and low-cost manufacturing processes [8] [9] [10] . However, despite promising work in the selection of materials, manufacturability and reliability for the implementation of this interconnect technology is still needed for wider acceptance and commercialization. For example, metals, alloys, or flexible PCBs (metal/polymer laminates) have been used as interconnect materials, and joined on the top sides of Si or SiC devices and/or ceramic-based substrates. These joints may be formed using conventional Sn-based solder alloys, i.e., eutectic or near eutectic Sn-Ag or Sn-Ag-Cu alloys, or the emerging Ag sintering technology. Because of the mismatch in coefficients of thermal expansion (CTEs) between the interconnect materials with higher CTEs and the power devices and the substrates with lower CTEs, thermal stress and inelastic strain develop in the solder joints and the sintered Ag joints during the assembly process and in subsequent service environments. In such a case, the solder joints or the sintered Ag joints (whichever is used to join the interconnect structure) will be potential thermomechanical weak points in the assembled planar interconnect power modules.
In this paper, advanced Si 3 N 4 ceramic with designed through vias has been proposed to provide the necessary insulation and to control the CTE of conductive Cu tracks for achieving reliable planar interconnects. The through vias are filled with a conductive brazing alloy with subsequent conductive Cu tracks bonded on the ceramic using active brazing technology. The main objective of this paper is to demonstrate the reliability of such an innovative ceramic-based interconnect technology through comparison with conventional Al wirebond technology and flexible PCB interconnect technology under similar power cycling conditions. A comparison has been carried out using both finite-element (FE) simulations and experimental tests on single Si diode samples where both the ceramic-based and flexible PCB interconnects were bonded on the top sides of Si diodes with eutectic Sn-3.5Ag solder joints. However, the results obtained can readily be applied to power modules which contain multiple power devices constructed with these interconnect technologies.
II. FINITE-ELEMENT MODELING AND SIMULATION Before preparation of any samples, FE thermal and thermomechanical modeling and simulation have been used to predict the potential of the proposed Si 3 N 4 ceramic-based structure to improve the heat dissipation and reliability of planar interconnects using commercial available FE analysis software Abaqus 6.14-1 and its graphic user interface CAE.
A. Description of Samples for Power Cycling Tests
This paper is mainly concerned with ceramic-based interconnect technology, where conventional Al wire bonding and emerging flexible PCB interconnect technologies are employed as benchmarks. Fig. 1 shows computer-aided design images of single Si diode samples, which are constructed with the three interconnect technologies for both the FE simulation and the power cycling tests. For all samples, the Si diode is attached on an AlN-based substrate with 100-μm-thick Sn-3.5Ag solder joint. The Si diode is 13.5 mm × 13.5 mm × 0.5 mm in size, and the AlN-based substrate is 58.2 mm × 49.5 mm × 1 mm thick AlN ceramic tile with 0.3-mm-thick Cu tracks actively brazed on both sides.
For each of the Al wire bond interconnect samples, 10 Al wires (375 μm in diameter) are bonded on the top anode of the diode at one end, and on the substrate at the other end. In each of the flexible PCB interconnect samples, a 13.5 mm × 13.5 mm × 0.5 mm Cu post is attached with a 100-μm-thick Sn-3.5Ag solder joint on a Cu island of the substrate. A 30 mm × 13.5 mm flexible PCB is soldered on the top sides of both the Si diode and the Cu post with Sn-3.5Ag solder joints for achieving the interconnect, where the thickness of the solder joints is also 100 μm. The flexible PCB consists of 100-μm-thick polyimide laminated with 50-μm-thick Cu tracks on both sides. As shown in Fig. 2(a) , the vias (0.5 mm in diameter) in the flexible PCB are through the bottom Cu tracks and the polyimide layer, and are filled with Sn-3.5Ag solder alloy.
As shown in Fig. 2(b) , in each of the ceramic-based interconnect samples, a Si 3 N 4 ceramic-based structure is soldered on the top sides of both the Si diode and a Cu post with 100-μm-thick Sn-3.5Ag solder joints. The Si 3 N 4 ceramic tile is selected due to its high strength and thermomechanical reliability. It is 0.3 mm in thickness, and the through vias (0.5 mm in diameter) are filled with a conductive brazing alloy with Table I . It should be noted that AlN ceramic which has a higher thermal conductivity and is more commonly used as a support substrate in power electronic packaging is not suitable for forming through vias designed and filled with brazing alloy. This is because it has a relatively weak mechanical strength, and is easily broken during laser drilling/cutting to produce the through vias. In [18] , Si 3 N 4 -based substrates with four through vias mechanically filled with Cu cylinders were used to construct planar half bridge modules. However, the vias were not directly on the top sides of the power devices, and the reliability of the constructed modules was not tested.
On the other hand, it is well known that Si 3 N 4 ceramic has better reliability, but poorer thermal performance than AlN ceramic under similar thermomechanical loads. This paper is concerned with the reliability of top side interconnects of 0.5-mm-thick Si diodes which have been attached on AlN-based substrates. In the case of conventional Al wire bonds as top side interconnects, failure is dominated by the inelastic strain development in the Al wire bond due to mismatch of CTEs between Al and Si. If the substrate is changed to thinner Si 3 N 4 ceramic (i.e., 0.32-mm or 0.64-mm thick) from thicker AlN ceramic (i.e., 1-mm thick), heating current pulses with lower amplitude have to be used for achieving similar temperature profiles during the power cycling tests, while the inelastic strain development, and hence the reliability of the Al wire bonds would remain similar.
B. FE Models
For all the single Si diode samples described above, FE thermal models have been developed to simulate the temperature fields during 50 power cycles. In each sample, the top one third thickness of the Si diode was considered as the active region generating electrical heat, and two different volumetric heating sources were considered. The latter being the product of 50 current pulses with an amplitude of 90 A multiplied by the voltage drop across either a 2.5-kV Si diode (referred to as lower power diode because of lower forward voltage drop and power dissipation) or a 4.5-kV Si diode (referred to as higher power diode because of higher forward voltage drop and power dissipation) during the power cycling test. For each of the two heating sources, the ON time and OFF time during every current pulse was determined by achieving 40°C and 120°C as the low and high limits of the average temperatures on the hottest 5 mm × 5 mm top surface area on the sample.
A convection heat exchange condition with a heat exchange coefficient of 575 W · m −2 · k −1 was applied on the bottom surface of the AlN-based substrate.
The thermomechanical model is mainly concerned with the stress/strain developments within the solder joints in the flexible PCB and ceramic-based interconnect samples. During the simulation, each of the samples was first subjected to a predefined temperature profile of 192°C down to 25°C within 3 min to simulate the reflow process. The initial heating up stage of the reflow process was found to have negligible effects on the simulated stress/strain development in solder joints [19] and was, therefore, not considered. The eutectic Sn-3.5Ag solder alloy has a melting point of 221°C, and the solidification of the molten solder generally occurs at a supercooling temperature of 192°C [20] . The temperature field simulated with the aforementioned thermal model was then used as inputs to simulate the further stress/strain developments in the sample during the 50 current pulses.
Similar meshing systems were employed to discretize all the samples, and the same meshing system was used for the thermal model and the thermomechanical models where applicable. Fig. 3 presents a representative meshing system consisting of 481820 DC3D6E linear triangular prism elements and C3D4 linear tetrahedron elements to discretize one ceramic-based interconnect sample. The smallest and the largest element sizes in the plane directions of the substrate are, respectively, 0.25 and 1 mm, and the smallest and the largest element sizes in the through-thickness direction are, respectively, 0.025 and 0.428 mm. In all the simulation cases, the elements used in the critical domains all have the same dimensions. For example, the sizes of the triangular prism elements used to discretize the critical solder joints whose maximum von Mises stress and creep strain accumulation will be used to assess the thermomechanical reliability are all 0.25 mm in the plane directions, and 0.025 m in the throughthickness direction. This is necessary because longer computing times would be required if meshing size-independent solutions were implemented for the present 3-D model with a much finer meshing system. Therefore, relatively coarse meshing systems with the same size of elements (in the critical domains for all the simulation cases) have been employed to achieve acceptable computing times.
The thermal and thermomechanical properties of the polyimide in the flexible PCB and the Si 3 N 4 ceramic and brazing alloys in the ceramic-based structures are given in Table II . The brazing alloy between the Cu and AlN ceramic tile is ignored. The properties of the other materials used for the simulations were taken from [21] [22] [23] , and are not repeated here. Of them, Chaboche's plastic model was used to describe the mechanical properties of both Al and Cu, and Anand's creep model was used to describe the mechanical properties of the Sn-3.5Ag solder joints. Only elastic deformation was considered for Si and AlN in all the samples. For the Al wire bonds, flexible PCB and ceramic-based structures ACT1 and ACT2 interconnect samples, both lower and higher power Si diodes were considered, and the simulations are referred to as main simulations. For the ceramicbased structures ACT3, ACT4, ACT5, and ACT6, only higher power Si diode were taken, and the simulations are referred to as additional simulations. All the thermal and thermomechanical simulations have been executed on a PC computer with Intel[R] Core[TM] i7-3820 CPU at 3.60-GHz processor 
C. FE Simulation Results
During the thermal simulation, the heat is generated within the active region of the Si diode, and hence this region is at a higher temperature than the rest of the regions in the sample. During the early stage of the transient simulation, the low and high limits of the average temperatures on the hottest 5 mm × 5 mm top surface area of all the samples were somewhat lower and gradually increased with increasing number of power cycles (current pulse with an amplitude of 90 A). After about 60 s of the transient simulation, they all reached the specified 40°C and 120°C during every power cycle. Fig. 4 shows an example of the simulated distribution of the temperatures in a sample during one such power cycle. Fig. 5 presents the heating power (heating source during the simulation) and the simulated evolution of the cyclic average temperatures on the hottest 5 mm × 5 mm top surface area of the flexible PCB interconnect sample for both lower power Si diode and higher power Si diode. Fig. 6 compares the ON time and OFF time of the pulse current during every power cycle for the samples with both lower power diode and higher power diode to achieve the specified 40°C and 120°C as the low and high limits of the average temperatures on the hottest 5 mm × 5 mm top surface area of the assembled samples. It can be seen that with lower power Si diode, the flexible PCB interconnect sample has an ON time and OFF time similar to those of an Al wire interconnect sample. By contrast, the ceramicbased interconnect samples can increase the ON time by 28% to 38%, and increase the OFF time by 28% to 30%. With higher power Si diode, the flexible PCB interconnect sample can slightly increase both the ON time and OFF time by 8% compared to the Al wire interconnect sample. In comparison, the ceramic-based interconnect samples can increase the ON time by 34% to 52%, and the OFF time by 22% to 28% to an Al wire interconnect sample. The present thermal simulation has fixed the low and high limits of the temperatures. Therefore, if all the samples are subjected to the same current pulses, i.e., the same heating power, the ceramic-based interconnect samples would reduce the chip temperatures when compared with Al wire and flexible PCB interconnect samples. It should be iterated that in the thermal simulation the heat is assumed to be removed from the bottom side of the AlN-based substrate for all the samples. Therefore, it can be concluded that the ceramic-based interconnects indeed improve the ability of the samples to dissipate heat.
The thermomechanical simulation results indicate that in all the as-reflowed samples, the maximum Mises stress and maximum creep strain accumulation occur in the solder joints used to attach the Cu posts on the AlN-based direct bonded copper (DBC) substrates. This can be ascribed to the mismatch of CTEs between the Cu post and DBC substrate. During the power cycling, the maximum stress and creep strain accumulation have been moved to the solder joint used to bond the flexible PCB or the Si 3 N 4 ceramicbased structures on the top sides of the diodes in all the simulation cases, especially near the interface between the solder and the Si diode. This can be explained by the higher cyclic temperatures encountered by this solder joint, as shown in Fig. 4 , while both the flexible PCB and the Si 3 N 4 ceramicbased structures still have higher CTEs than the Si diodes. Fig. 7 presents the simulated distributions of Mises stress and creep strain accumulation in all the solder joints in the ACT1 ceramic-based interconnect sample after 50 power cycles. The solder joint with the maximum Mises stress and the maximum creep strain accumulation is hence identified as the weakest solder joint.
Figs. 8 and 9 further compare the evolutions of the maximum Mises stress and the maximum creep strain accumulation in the weakest Sn-3.5Ag solder joint in all main simulations, where ε ca stands for the stable creep strain accumulation per power cycle. It can be seen that the cyclic range of the maximum Mises stress in the solder joint is remarkably affected by the cycle time. The sample with higher power Si diode and shorter cycle period has larger cyclic range of the maximum Mises stress than the corresponding sample with lower power Si diode and longer cycle period. This can readily be understood because the solder joints experience relatively low time-dependant creep deformation and relatively high elastic recovery with shorter cycle time than with longer cycle time.
By contrast, the maximum creep strain accumulation is more remarkably affected by the interconnect material and structure. The maximum creep strain accumulation per power cycle in the weakest solder joint in the sample with ACT1 ceramicbased structure is almost 50% lower than that in the samples with flexible PCB and ACT2 ceramic-based structure. This result can be attributed to the fact that the creep strain development within the solder joint is closely associated with the CTE mismatch between the interconnect structure and the Si diode. The flexible PCB has higher CTE mismatch with the Si diode as expected, while the ACT2 ceramic-based structure also has higher CTE mismatch with the Si diode. The Si 3 N 4 ceramic tile with the designed vias is less effective to control the CTE of 0.2-mm-thick Cu tracks than 0.1-mm-thick Cu tracks. In addition, it should be iterated that the thickness of the Cu tracks on the flexible PCB is 0.05 mm. If thicker, e.g., 0.1-mm-thick Cu tracks are applied, the creep strain accumulation in the solder joint will be significantly higher than the values presented in Fig. 9 for the flexible PCB.
In the thermomechanical simulation, the mechanical property of the solder joints have been described by the Anand viscoplastic model, and the simulated creep strains include both the creep and plastic deformation developments in the solder joints subjected to the power cycling. The lifetimes of the solder joints may hence be predicted with the following Engelmaier model [24] :
where N f is number of cycle to failure, ε ca is the maximum creep strain accumulation per power cycle, C 1 is fatigue ductility coefficient, and C 2 is fatigue ductility exponent. As reported in [24] [25] [26] [27] [28] , the fatigue ductility exponents for the eutectic or near eutectic Sn-Ag and Sn-Ag-Cu solder alloys are generally negative constants with absolute values less than one. Therefore, the present thermomechanical simulation results predict that the proposed Si 3 N 4 ceramic-based structure 
III. EXPERIMENTAL EVALUATION

A. Sample Preparation and Power Cycling Tests
As shown in Fig. 6 , the Al wire and flexible PCB interconnect samples with lower power Si diode and the ACT1 and ACT2 Si 3 N 4 ceramic-based structure interconnect samples with higher power Si diode have similar cycle times when subjected to the simulated power cycling conditions and, thus, they were constructed and experimentally tested. The Al wire interconnect samples and both the lower power and higher power Si diodes were obtained from Dynex Semiconductor Ltd (Lincoln, U.K.). The as-received Si diodes have ∼0.1/1/ 1-μm-thick Ti/Ni/Ag metallization on the cathode (back side) and ∼5-μm-thick Al metallization on the anode (top side). They were processed to add ∼0.1-/1-/1-μm-thick Ti/Ni/Ag trimetal on the existing ∼5-μm-thick metallization on the top sides for making the flexible PCB and ceramic-based interconnect samples.
The flexible PCBs and AlN-based substrates were custom manufactured from Stevenage Circuits Ltd (Stevenage, U.K.) Simulated maximum creep strain accumulation in the weakest Sn-3.5Ag solder joint during the reflow process and 50 power cycles in the flexible PCB and ACT1 and ACT2 ceramic-based interconnect samples with (a) lower power Si diode and (b) higher power Si diode. and DOWA Metaltech Co., Ltd (Tokyo, Japan), respectively. For making the ceramic-based structure, 0.3-mm-thick Si 3 N 4 ceramic tiles were prepared using the sintering process which is well established in Shanghai Institute of Ceramics. They were machined into the specified size of 30 mm × 13.5 mm and the designed vias were drilled with laser cutting. The ACT1 and ACT2 Si 3 N 4 ceramic-based structures were formed by bonding 0.1-and 0.2-mm-thick Cu tracks on both sides of the machined Si 3 N 4 ceramic tiles with Ag-25.25Cu-1.75Ti brazing alloy. The amount of the brazing alloy used on each structure was determined based on the total volume of the designed vias and 25-μm-thick brazing alloy between the ceramic tile and the Cu tracks. The brazing process was carried out in vacuum of 10 −3 Pa and at 880°C for 10 min.
The flexible PCB and ceramic-based interconnect samples were assembled using the same solder reflow process. 100-μm-thick Sn-3.5Ag solder performs were placed between the surfaces to be bonded together, as shown in Fig. 2 . The Sn-3.5Ag solder joints were formed by reflowing in vacuum of 500 Pa and at a peak temperature of 260°C for 5 min.
Power cycling tests were carried out on prepared single Si diode samples using a bespoke power cycling rig, where 10 to 12 samples for each of the four types of samples were tested. Fig. 10 shows an example image of four samples installed on the testing rig; heated by passing current pulses with a ampitude of 90 A through the diodes and cooled by mecahnically mounting on a cold plate of a waterbased heat sink. The temperatures on the top sides of the samples were monitored with infrared sensors. The cyclic temperatures were set between 40°C and 120°C for all the samples, while the switching of the current pulses through each of the sanples were controlled independently. During the test, the cycle number, cycle time, duty cycle (ratio of heating time to cycle time) and forward voltage drop across the diode at 120°C were collected. The failure of the samples was considered by a 20% increase in the forward voltage.
After the power cycling test, both visual observation and nondestructive structural characterization were used to check the location and mechanism of any failures. The lattter was carried out using 3-D X-ray computed tomography (CT) imaging on an Xradia Versa XRM-500 CT system.
B. Experimental Results
During the power cycling tests, typical average cycle times for all the samples were in the range of 5 to 6 s, and duty cycles of between 9% and 12%. These were in reasonable agreement with the thermal simualtion results, as shown in Figs. 5 and 6. Fig. 11 presents representative cycle times and forward voltage measurements collected during the power cycling tests. The flutuations (or noise) on the curves of cycle time versus number of power cycles were mainly associated with the thermal interface between the samples and cold plate of the water-based heat sink. This is becasue the samples were only mechanically mounted on the cold plate to achieve sufficient thermal resistance, and hence short cycle times. The criterion of power cycling to failure was set as 20% increase in the forward voltage drop across the Si diode. Once the forward voltage drop of a sample increased to 20%, it further increased rapidly and significantly until the sample failed to open circuit, as can be seen from Fig. 11(b) . Fig. 12 presents the curves of cumulative probability on the logarithm-normal probability coordinates for the lifetimes obtained from the four types of samples during the power cycling test. Here, the R values stand for the coefficients of correlation for the linear data fittings. The cumulative probability for each measured data set f (i ) was calculated from placing the data of the lifetimes in ascending order and letting
where n is the total number of data points for each type, and i is the i th order in ascending data set [10] . The lifetimes of the four types of samples statistically follow the LogarithmNormal distribution quite well. In particular, the planar flexible PCB and ACT2 ceramic-based interconnect samples have lifetimes shorter and, thus, less reliable than conventional Al wire interconnect samples. By contrast, the ACT1 ceramic-based samples have lifetimes comparable with and significantly longer than the conventional Al wire interconnect samples. Both visual observation and microstructure characterization reveal that all the samples failed within the interconnects during the power cycling test. Fig. 13 shows photographs taken from four failed samples. The Al wire interconnect samples failed due to wire-bond lift off from the top sides of the Si diodes. The relevant mechanisms are well investigated in [29] and [30] and are, therefore, not repeated here. All the flexible PCB and ceramic-based interconnect samples failed within the solder joints used to bond the interconnect structures on the top sides of the Si diodes (near the solder/Si interfaces). Such a result is in excellent agreement with the weakest point identified by the simulated maximum creep strain accumulation, as shown in Fig. 7 . Fig. 14 presents reconstructed X-ray CT images obtained from two representative samples after power cycling tests. The cracks leading to debonding of the flexible PCB and the ACT1 ceramic-based structure from the Si diodes can clearly be observed within the weakest solder joints (top interconnects A-A) near the solder/Si interfaces in both samples. Networked cracks separating the solder layers into a distinctive network of particles can also be seen in the weakest solder joints and also in the solder joints that attach the Si diodes to the AlN-based substrate (lower interconnects B-B). These are typical of creep-induced fatigue cracks due to grain boundary sliding. These cracks are more developed in the weakest solder joints in the central areas where there should be relatively higher temperatures during the power cycling test, as shown in Fig. 4 . This can easily be explained because the solder alloy at higher temperatures has lower resistance to grain boundary sliding than at lower temperatures.
Further structural characterization reveals that the filling of the brazing alloy in the vias through the Si 3 N 4 ceramic tile in the samples with shorter lifetimes was relatively poor and less uniform than that in the samples with longer lifetimes. Fig. 15 shows reconstructed X-ray CT images obtained from 2 ACT1 ceramic-based interconnect samples with significantly different lifetimes. Here, the white phase around the vias indicates good filling of the brazing alloy, while dark phases indicate poor or lack of filling of the brazing alloy in the vias. Poor or lack of filling of the brazing alloy in the vias made the Si 3 N 4 ceramic tile less effective to control the CTE of the Cu tracks. This is probably the reason why filling of the brazing alloy in the vias appears to correlate with the lifetimes and reliability of the ceramic-based interconnect samples. This can further be supported by additional FE simulation results as presented in Fig. 16 , where the filling of the brazing alloy in the vias in an ACT3 ceramic-based structure was similar to the imperfect via filling, as shown in Fig. 15(a) . The imperfect via filling increases around 10% of the simulated maximum creep strain accumulation in the weakest solder joint. During the simulation, both the bottom and top Cu tracks were assumed to be bonded on the Si 3 N 4 ceramic tile perfectly, and hence the actual increase in the maximum creep strain accumulation might be higher if local imperfect bonding between the Cu tracks and the Si 3 N 4 ceramic tile also exists. Practically, work is still ongoing to improve the filling of the brazing alloy in the through vias by considering different supplies of the brazing alloy and better process control. Another possibility may be the predeposition of thin metallic film, e.g., Ti/Ni/Ag or Ti/Ni/Au, to improve the wettability of the brazing alloy on the side walls of the through vias.
C. Discussion
As all the flexible PCB, and ceramic-based interconnect samples failed at the weakest solder joints through creepinduced fatigue cracks due to grain boundary sliding; the lifetimes of these samples can be described and predicted with an established lifetime model, e.g., (1) or other similar equations for Sn-3.5Ag solder joints. Combining the experimental average lifetimes with the simulated creep strain accumulations presented in Fig. 9 , the fatigue ductility coefficient C 1 and fatigue ductility exponent C 2 in (1) can be extracted through data fitting, as shown in Fig. 17 . The present C 1 = 1.02 and C 2 = [−0.516 to −0.327] (90% confidence interval of C 2 ) are obtained.
In [24] [25] [26] [27] [28] , the values of C 1 = 0.045 to 0.205 and C 2 = −0.697 to −0.323 for eutectic or near eutectic Sn-Ag and Sn-Ag-Cu solder alloys were reported or can be calculated from the relevant data reported. The present fatigue ductility exponent is comparable with, but the present fatigue ductility coefficient is somewhat higher than those values. This may be related to the fact that the present power cycling tests with cycle times of 5 to 6 s and cyclic temperatures between 40°C and 120°C were quite different from reported previous tests. They reported passive thermal cycling tests with cycle times of 30 min to 1 h between −40°C and 125°C, −55°C and 125°C, and 0°C and 100°C [25] , or isothermal tensile tests from 11°C to 90°C and strain rate range from 5×10 −5 to 2 × 10 −2 s −1 [28] , or low-cycle fatigue tests at room temperature and strain ranges of 1.4%, 3%, 4%, and 7.5% [26] .
As is well known, the fatigue ductility exponent and fatigue ductility coefficient of a solder alloy may be dependent on strain rate, temperature, as well as other secondary factors such as material structure and aging history [24] . The present data fitting, as shown in Fig. 17 , was based on the simulated creep strain accumulation in the ceramic-based interconnect samples with perfect filling of the brazing alloy in the through vias, but the experimental average lifetimes are obtained from ceramicbased interconnect samples with defects and poor filling of the brazing alloy in the through vias. If experimental lifetimes are obtained from samples with perfect filling of the brazing alloy in the through vias the fatigue ductility exponent and fatigue ductility coefficient with values lower than the present absolute values are expected. These would then more approximately describe and predict the lifetimes of the weakest solder joints subjected to the power cycling conditions with short cycle times. Nevertheless, the present experimental results from samples with defects and poor filling of the brazing alloy in the through vias still have lifetimes similar to and even significantly better than conventional Al wire interconnect samples. Further additional FE simulation results indicate that the maximum creep strain accumulation in the weakest solder joints clearly increase with increasing CTE of the ceramic tile in the ceramic-based structure, see Fig. 18 . Therefore, both the FE simulation results and the experimental tests demonstrate that the proposed Si 3 N 4 ceramic-based structure is valid to Fig. 18 . Additional FE simulation results considering the effect of assumed CTE of the ceramic tile in the ceramic-based structure on the maximum creep strain accumulation in the weakest solder joint during the reflow process and 50 power cycles.
control the CTE, and hence improve the reliability of planar power interconnects.
Increasing the thickness of either the polyimide or the Cu tracks in the flexible PCB would result in lifetimes and reliability worse than those presented in Fig. 12 for the flexible PCB. Conversely decreasing the thickness of the polyimide and/or the Cu tracks in the flexible PCB may improve lifetime and reliability. However, this would also reduce the insulation or current carrying capability of the interconnect. In [3] , dimple array interconnect based on dimples preformed on flexible PCB and solder bump as electrical connection was employed to eliminate the structural singularity at the solder/silicon interface and, thus, improve the reliability of the interconnect. However, the reported lifetime of 12 700 power cycles from 10°C to 100°C for this interconnect technology was still quite low. This can probably be attributed to the fact that the dimple array did not eliminate the mismatch of CTEs between the flexible PCB and the Si device, and the creep or inelastic strain development in the solder joint could still be quite high if the flexible PCB was above a certain thickness.
The Ag-Cu-Ti brazing alloy has a thermal conductivity and electrical conductivity much higher than the eutectic or near eutectic Sn-Ag and Sn-Ag-Cu solders alloys. With improved filling of the brazing alloy in the vias through the Si 3 N 4 ceramic tile, the ceramic-based structure is expected to further improve the heat dissipation and thermomechanical reliability of planar power interconnects over conventional Al wire interconnects. For carrying higher currents, the ceramic-based structure can be designed with thinner Cu tracks on the side which will be bonded on to the power device and thicker Cu tracks on the other side, so as to still achieve high thermomechanical reliability. This assumption can be supported by the FE simulated maximum creep strain accumulation in the weakest solder joint for a ACT4 ceramic-based structure which is much lower than that for a ACT2 ceramic-based structure, as shown in Fig. 16 . In addition, the ceramicbased structure also facilitates efficient and cost-effective manufacturing process to assemble planar power modules.
The power die attachment and interconnect can be formed with a single soldering reflow step, rather than multiple soldering and wire bonding steps as used in assembling conventional power modules. Therefore, the presently proposed ceramicbased structure is promising as an alternative interconnect for the development of high performance, high reliability and costeffective planar power modules.
In addition, it should also be pointed out that the current carrying capability of the flexible PCB and ceramic structure mainly depends on the cross-sectional area of their top side Cu tracks. In the present single Si diode samples, 0.05-mmthick Cu track on the flexible PCB has current carrying capability worse than the Al wire bond consisting of 10 Al wires (375 μm in diameter). 0.1-mm-thick Cu track on the ceramic structure has current carrying capability similar to, and 0.2-mm-thick Cu track on the ceramic structure has current carrying capability better than the Al wire bond.
IV. CONCLUSION
Using conventional Al wire bonding technology and the flexible PCB technology as benchmarks, the proposed Si 3 N 4 ceramic-based structure as a reliable interconnect solution in planar power modules has been investigated with both FE simulation and experimental tests. They have been carried out on single Si power diode samples, where both the ceramicbased structure and flexible PCB were bonded on the top sides of Si diodes with eutectic Sn-3.5Ag solder joints.
FE thermal simulation results predict that the Si 3 N 4 ceramic-based structures with 0.1-and 0.2-mm-thick Cu tracks can both improve the heat dissipation during power cycling tests when compared with 0.375-mm diameter Al wires and flexible PCB with 0.050-mm-thick Cu track as the interconnect. This can be ascribed to the fact that the ceramic-based structures have higher thermal mass and thermal conductivity.
FE thermomechanical simulation results also predict that Si 3 N 4 ceramic-based structures with 0.1-mm-thick Cu tracks can significantly reduce the creep strain accumulation and, thus, improve the thermomechanical reliability of the Sn-3.5Ag solder joint on the top side of the Si diode when compared with the flexible PCB with 0.05-mm-thick Cu tracks as the interconnect. This can simply be attributed to the effective constraint of CTE of the Cu tracks by the Si 3 N 4 ceramic.
Power cycling tests verify that even with defects and poor filling of brazing alloy in the through vias, the prepared Si 3 N 4 ceramic-based structure with 0.1-mm-thick Cu tracks can significantly improve the thermomechanical reliability of the Sn-3.5Ag solder joint on the top side of the Si diode when compared with the flexible PCB with 0.05-mm-thick Cu tracks as the interconnect. Single Si diode samples with ceramicbased interconnects have lifetimes which are comparable to and significantly longer than conventional Al wire interconnect samples.
The experimental average lifetimes and FE simulated maximum creep strain accumulations for the ceramic-based structure and flexible PCB interconnect samples can reasonably be fitted to existing lifetime models of Sn-3.5Ag solder joints, Discrepancies between the model and experimental can be attributed to defects and poor filling of the brazing alloy in the vias through the Si 3 N 4 ceramic.
Further discussion also suggests future design of the ceramic-based structure interconnect with thicker Cu tracks for carrying higher currents, and highlights that the ceramic-based structure facilitates an efficient and cost-effective manufacturing process to assemble planar power modules.
